During the first part of this century poliomyelitis or 'infantile paralysis' became increasingly severe and marked by distinct epidemics separated by intervals of approximately 10 years until polio was controlled by immunization in the 1950s and 1960s. The majority of polio virus-infected individuals develop no symptoms or only unspecific symptoms, i.e. sore throat, nausea, vomiting, and headache. Less than 2% of those infected develop non-paralytic polio with specific symptoms such as severe headache, pain and stiffness of neck, back, and leg. Even more rare is paralytic polio characterized by muscle pain and flaccid paralysis. 1 The variation in clinical symptoms and the shift from endemic to epidemic presentation has puzzled epidemiologists. To explain this pattern, it has been postulated that in the pre-epidemic era most infections occurred in infancy, when the case/infection ratio is very low, and very few paralytic cases were thus observed. Due to changes in sanitation, personal hygiene, family size and crowding during the present century, children were no longer exposed to polio virus during infancy, and many remained susceptible as teenagers and adults. Becoming infected as a teenager or adult seemed to increase the risk of developing paralysis. 2, 3 According to this so-called polio model, laterborn children should be exposed early in life and acquire immunity without paralysis whereas firstborn children are exposed later in childhood and therefore have a higher risk of developing paralysis. [4] [5] [6] [7] [8] [9] Furthermore, age at infection is lower in large families and the risk of paralytic polio should therefore be lower in such families. 10, 11 Belonging to a lower social class usually means having a large family and living under less favourable conditions, resulting in early exposure and reduced risk of being infected with severe polio, and poliomyelitis is therefore believed to be a middle and upper class phenomenon. 12 The polio model is often used to explain the epidemiology of diseases of unknown aetiology, suggesting that these may be rare complications of common infections, which have changed 
Results
Severity of polio measured as frequency of paralysis or mortality did not show a steady increase with age, but a U-shaped curve being highest for the youngest as well as the oldest patients. The incidence of polio and paralytic polio was higher in families with several children compared with single children (RR = 1.13, 95% CI : 1.0-1.3). Furthermore, the incidence was higher in laterborn children (P trend Ͻ 0.0001). However, as predicted from the intensive-exposure model, secondborn children aged 1-4 years in two-child families had a higher risk of paralytic polio than firstborn children (RR = 1.47, 95% CI : 1.1-2.0), whereas the opposite relationship was found for those aged у5 years (RR = 0.65, 95% CI : 0.5-0.9).
Conclusion
The polio model´s prediction about the impact of age, sibship size and birth order on polio incidence and severity found only limited support. A model emphasizing intensity of exposure as a risk factor for severity may account better for the epidemiology of polio infection.
age distribution in modern society. For example, exposure at older ages to an otherwise harmless virus has been suggested as a possible cause of chronic diseases such as Hodgkin's disease, ulcerative colitis, Crohn's disease and multiple sclerosis. [10] [11] [12] [13] [14] [15] However, studies have been inconsistent. 16 Recent studies have shown that the severity of many viral infections such as measles and chickenpox, seems to be dependent on the intensity of exposure rather than just on age at infection. [17] [18] [19] Children attending kindergarten or school are usually infected outside the home (index cases). Parents, older and younger siblings are more likely to be infected as secondary cases at home by a sick sibling or a child. Infected outside the home means being less intensively exposed to the infecting agent, presumably due to a lower dose of virus. 18 Due to more intensive exposure within the home, secondary cases absorb a larger dose of virus and experience a more severe progression of infection. As a result of the process of disease transmission, the proportion of secondary cases and severity by age will reveal an U-shaped curve, and not as predicted by the polio model, a curve increasing with age. Furthermore, being a member of a large family should increase the risk of becoming a secondary case, whereas only children should be more likely to become index cases. Accordingly severity should increase by family size and not decrease as predicted by the polio model.
There are several reasons to believe that intensity of exposure may influence the severity of poliomyelitis. Sabin 20 performed studies with Cynomologus monkeys according to which a higher dose of polio virus increased the risk of developing paralysis. Furthermore, previous studies have noted the very high incidence of poliomyelitis not only among the old but also among the youngest children. 4, [21] [22] [23] [24] The assumption in the polio model about case/infection ratio increasing with age has not been reproduced in animal polio models, as the youngest animals usually have the most severe infection. 25 Finally, according to the polio model, paralytic polio should be very rare in developing countries. However, more thorough studies have found very high polio incidences in developing countries, indicating that the dogma about the absence of paralytic poliomyelitis in the tropics was based on incomplete reporting. 26 We have therefore decided to test the deductions of the polio model regarding the impact on severity of age at infection, family size, birth order and social status using the register of hospitalized polio cases from Copenhagen.
Subjects and Methods
The present study is based on hospital records from Blegdamshospitalet in Copenhagen. From 1876 until the hospital was closed in the middle of the 1970s, this was the main infectious disease hospital in the city of Copenhagen.
Polio cases
More than 80 000 consecutive records from the period 1940 to 1953 were reviewed, leading to the identification of 5839 cases of polio patients. However, the present study only included polio patients (n = 5590) living in the county of Copenhagen. Only cases with a discharge diagnosis of non-paralytic polio, paralytic polio, suspected polio or primary lymphocytic meningitis were included in the analysis. Occurring during the same season as polio, primary lymphocytic meningitis was generally considered to be non-paralytic polio, after other possible viral infections such as mumps had been excluded according to the clinical symptoms. 27 Besides standard information about name, address, age, family relation and provider's occupation, the hospital records contained detailed information about symptoms, treatment and progression of the disease. The diagnosis was mainly based on a clinical investigation as no paraclinical tests besides lumbar puncture were available. Clinical symptoms of non-paralytic polio were normally fever, headache, vomiting, pain and rigidity of the back and neck. The diagnosis of paralytic polio was verified by the existence of the characteristic asymmetrical flaccid paralysis. Patients admitted as polio cases but discharged with the diagnosis 'meningeal irritation' (normal cerebrospinal fluid) or meningitis were omitted from the analysis, even though many of them might have suffered from non-paralytic poliomyelitis.
Severity was graded as non-paralytic polio (non-paralytic polio, suspected polio or primary lymphocytic meningitis), paralytic polio, respiratory paralysis (given artificial respiration), and death. All polio patients were coded according to municipality of residence and for children, social status was classified according to occupation of the provider as described elsewhere. 28 To evaluate the completeness of the material we compared the number of polio cases registered by the National Board of Health in the county of Copenhagen with the number of patients from the county of Copenhagen. Overall 100% of the fatal cases, 85% of the registered paralytic cases, and 92% of the nonparalytic cases were treated at the Blegdamshospital from 1940 to 1953. However, many non-paralytic cases may not have been reported to the National Board of Health.
Census data
To evaluate the relative risk (RR) of symptomatic polio according to birth order and sibship size, we obtained information on the distribution of birth order and sibship size in the population of the municipality of Copenhagen (census from 1950). 29 The evaluation of RR of poliomyelitis is therefore restricted to polio cases living in the municipality of Copenhagen and not the whole county. Census data on the distribution of sibship size according to age allowed us to evaluate the RR of symptomatic polio according to sibship size in three age groups (0-6, 7-14, 15-20 years). Similar information was not available for birth order. Therefore, in order to evaluate the RR of polio according to birth order in different age groups, we used the original registration forms from the 1940 census. We would have preferred to use the data from the 1950 census, but the original data from this census are not yet available to the public. In the 1940 census, every household had to fill in a form providing information on date of birth, family status and occupation for all family members. We randomly selected 120 streets in Copenhagen and studied registration forms from families living in these streets. For all two-child families with at least one of two children under 15 years of age, we tabulated the children according to age and birth order. A total of 3805 children from two-child families were identified from the 120 streets. According to the census of 1950, there were in total 80 260 children under the age of 15 years in the municipality of Copenhagen who had just one sibling. We used the sample from the 1940 census to estimate the age and birth order distribution of the 80 260 individuals in two-child families.
Statistical methods
The RR of polio and paralytic polio shown in Tables 2 and 4 were estimated using log-linear Poisson regression. 30 Using this approach the CI do not depend on the population size. Test for trends in Table 2 was performed with family size and birth order treated as continuous variables. Test for interaction in Table 2 was performed with age and family size categorized as shown in the Table. Test for trends in Figure 1 was performed using logistic regression with age treated as a continuous variable using medians for each age group. In a case-case analysis within the group of polio patients, we calculated the relative case-fatality rates of paralytic polio according to birth order, sibship size, and social class (Table 3 ) using log-linear binomial regression. 31 Adjustment was made for age (0-4, 5-9, 10-14, 15-19 years), gender, epidemic period (1940) (1941) (1942) (1943) (1944) (1945) (1946) (1947) (1948) (1949) (1950) (1951) (1952) (1953) , and social class (high, low). All regression analyses were performed with the SAS procedure PROC GENMOD. 32 
Results
Among the hospitalized polio cases, the risk of developing paralysis was highest for the youngest children and the adults (Table1, Figure 1) . A U-shaped age pattern was observed in both 1940-1949 and 1950-1953 . Fifty-three per cent of the children less than 2 years old had paralytic polio decreasing to 20% among those aged 8-9 years (P Ͻ 0.0001) increasing again to 43% among people over 35 years (P Ͻ 0.0001) ( Table 1 ). The type of paralysis varied markedly by age; respiratory difficulties being more frequent among children aged 0-1 year decreasing to those aged 4-5 years, and increasing again thereafter ( Table 1) . The case-fatality ratio varied in a similar way, being lowest among children aged 4-5 years (Table 1) . Table 2 shows the RR of being hospitalized with symptomatic polio (non-paralytic + paralytic) according to birth order and sibship size in children under the age of 21 years. The risk of polio was significantly higher among children with a high birth order (P trend Ͻ 0.0001) and among children with siblings than among single children (RR = 1.13, 95% CI : 1.0-1.3). It should be noted that in the youngest age group, the incidence of paralytic polio actually declined with increasing number of siblings, whereas the incidence increased significantly in the two oldest age groups with increasing number of siblings (Table 2) . A test for interaction between age and impact of number of children was significant (P Ͻ 0.001). These patterns were the same when considering the overall risk of polio (non-paralytic + paralytic THE POLIO MODEL 183 polio). In a case-case analysis we also compared family pattern and severity among the hospitalized polio cases. This analysis revealed that the case fatality of paralytic polio (adjusted for age, gender, epidemic period, social status) tended to be higher for children of birth order у3 compared with children of birth order 1 or 2 (RR = 1.52, 95% CI : 0.9-2.5), and for children belonging to a family with more than two children compared with children in smaller families (RR = 1.45, 95% CI : 1.0-2.0) (data not shown).
Children hospitalized with polio belonging to the three highest social classes (landowners, academics, farmers, tradesmen, officials) did not have a higher mean age at infection than children belonging to the lowest social classes (6.62 versus 6.62 years) ( Table 3) . Restricting the analysis to paralytic children, children from the highest social classes were slightly younger than children from the lowest social classes (5.42 versus 5.62 years, P = 0.6). Adjusted for age, gender and period we found no increased risk of dying of paralytic polio for the 389 children belonging to the three highest social classes compared with 967 children of skilled and unskilled workers (RR = 0.94, 95% CI : 0.6-1.5). However, children from the three highest social classes did have a slightly increased risk of developing paralytic polio compared to children from the two lowest social classes (RR = 1.14, 95% CI : 1.0-1.3) ( Table 3) . Table 4 shows the risk of being hospitalized with paralytic polio in firstborn compared to secondborn children in two-child families. Controlling for age, the youngest had higher risk than the oldest child among children aged 1-4 years (RR = 1.47, 95% CI : 1.1-2.0), whereas the opposite relationship was found for those aged у5 years (RR = 0.65, 95% CI : 0.5-0.9). The same tendency was seen for all polio cases (non-paralytic + paralytic). Only children belonging to a family with 1, 2 or 3 children were included in this analysis.
c Test for interaction between age and impact of number of children was significant (P Ͻ 0.001). a T = Total, all polio cases, P = paralytic cases, D = dead due to polio.
b High: Three highest social classes out of five (landowners, academics, farmers, tradesmen, officials, etc.). Low: Two lowest social classes out of five (skilled and unskilled workers).
Discussion
The main observations in the present analysis were the U-shaped curve for paralysis and increasing severity of poliomyelitis by increasing family size. Furthermore an interaction between age and relative birth order was seen. Being lastborn and under 5 years in a two-child family increased the risk of developing poliomyelitis, whereas firstborns older than 5 years, had a higher risk of developing polio. This pattern implies that children aged 4-5 years presumably were important in the transmission of polio in Copenhagen. All these observations are consistent with the intensive-exposure model. However, in line with the polio model, a steep increase in severity among young adults was observed. This appears, to be associated with a simultaneous change in the pattern of paralysis, with respiratory paralysis being much more common among older individuals. 7 While this could be related to unidentified age-related changes in susceptibility or immune response, it could also be related to differences in the mode of virus transmission for adults and children. The faecal-oral route of transmission is usually considered the main mode of virus spread, but as virus is present in the pharynx, droplet spread from person to person is possible. 23 Better sanitary practices might increase the importance of infection by inhalation of droplets. 33 Accordingly adults might more often be infected by droplet spread. Furthermore it has been suggested that bulbar symptoms might result from infection with the virus through the tonsillo-pharyngeal route, whereas gastro-intestinal infection might initially result in paralysis of the legs. 34 Thus the higher case fatality among adults could possibly be related to the route of transmission. Similarly, the increasing importance of number of siblings with increasing age (Table 2) could also indicate that intensity of exposure and crowding played a larger role for respiratory transmission than for faecal-oral transmission.
There may well have been non-paralytic polio cases who were not hospitalized and not registered in official health statistics. However, it seems unlikely that many paralytic cases were not registered. As more than 85% of paralytic polio cases and all fatal polio cases registered in the 1940-1953 period were hospitalized and included in the study, a recruitment bias is unlikely to have had a major impact on our observations. Since diagnostic problems with non-paralytic cases could have introduced a bias, it should be emphasized that most tendencies remained the same if we analysed paralytic cases only.
A limitation of the present study was our inability to determine who is susceptible and who is immune. It is likely that more individuals in large families would be immune due to a higher risk of previous exposure, and therefore the relative increase in clinical disease would have been even larger in families with several children. This co-variation between number of children and degree of immunity may explain the lack of clear difference in incidence for children aged 0-6 years in families with 2, 3 and 4 children, respectively (Table 2) . Young children in large families may be at lower risk because the older siblings are likely to already have had the infection. On the other hand, older children in large families are likely to have younger siblings in the susceptible age group, explaining the increasing incidence of polio among older children in large families.
If, indeed, intensive exposure is a critical factor, part of the reason for the changing epidemiology of polio in this century may have been a gradual improvement of hygienic conditions, transforming a disease from endemic to epidemic with longer intervals between outbreaks. With longer intervals between epidemics, increasing accumulation of simultaneously susceptible individuals will occur in a family, thereby increasing the risk of intensive exposure and intra-family spread. It is a corollary of this process that severity increases as the age at infection goes up because a high median age at infection reflects the presence of many susceptible individuals in the same family. 35 Using this model, measles case fatality has been shown to be highest in isolated communities with a high age at infection and accumulation of susceptibles. 36 In the case of polio, this pattern may have been further aggravated if there was a simultaneous increase in the risk of respiratory transmission and bulbar paralysis among older individuals. Only from this exposure model is it possible to understand both the age pattern in severe polio as well as the fact that indicators of crowding, including family size and birth order, are risk factors for severe polio infection.
Polio may soon be eradicated and interest in the disease will therefore decline. However, polio was one of the major infections shaping public health in the 20th century and it may still be important how we understand the epidemiology of polio and the history of infectious diseases. Previous attempts to understand the epidemiology and severity of polio gave rise to the THE POLIO MODEL 185 polio model, which has shaped the analysis of the interaction between childhood infections and chronic diseases. If the polio model has only limited validity for polio, there may be a need to re-consider our understanding of how infections are linked to chronic conditions.
